ABSTRACT Genotypes of Campylobacter jejuni in Baltic fresh broiler chicken meat and in Estonian human origin samples were determined by using MLST. We observed associations between clonal complexes, sequence types, and antibiotic resistance of C. jejuni isolates. The detection of high proportions of fluoroquinolone resistance among Latvian (100.0%) and Lithuanian (84.6%) origin broiler chicken meat C. jejuni isolates, found in this study, suggests the wide use of these antibiotics in poultry in these countries. MLST of 48 Baltic origin C. jejuni isolates revealed a total of 22 sequence types belonging to 13 clonal complexes. From the 13 assigned CCs and 22 STs, the most prevalent were ST-353 CC and ST-5 consisting of human, Latvian and Lithuanian chicken meat isolates. Among human and chicken meat isolates the resistance rate was 63.6 and 62.2%, respectively. ST-353 isolated from humans were more often resistant to nalidixic acid and ciprofloxacin than the other STs. Strain types ST-5, ST-50, ST-353, ST-354, and ST-429 isolated from poultry were more often resistant to both nalidixic acid and ciprofloxacin than the other STs. Furthermore, ST-353 and ST-354 isolated from poultry were more often resistant against tetracycline than the other STs. Fluoroquinolone resistance was significantly (P < 0.01) associated with in comparison with all other CCs, STs. We found that three Estonian broiler isolates belonged to the novel ST-8188.
INTRODUCTION
Campylobacteriosis is the most commonly reported zoonosis in the European Union with 246,307 confirmed human cases, which represents a notification rate of 66.3 per 100,000 population in 2016 (EFSA, 2017) . In Estonia, 347 Campylobacter enteritis cases were reported in 2017, with a notification rate of 26.4 per 100,000 inhabitant (Terviseamet, 2018) . Since 2012, campylobacteriosis has been the most prevalent bacterial enteric infection in Estonia with increasing trend for notified human cases (Terviseamet, 2018) . The reservoir and source of human campylobacteriosis is primarily considered to be poultry, but also other such as ruminants, pets, and environmental sources contribute to the human infection burden (Mughini Gras et al., 2013; KleinJöbstl et al., 2016; Kovanen et al., 2016) . Retail poul- C 2018 Poultry Science Association Inc. Received February 23, 2018 . Accepted April 30, 2018 Corresponding author: mihkel.maesaar@vetlab.ee try meat is a crucial vehicle for consumer's exposure to Campylobacter and high proportions of positive samples have been detected (Stella et al., 2017) . Moreover, the increasing resistance of Campylobacteria to antibiotics, particularly to fluoroquinolenes and macrolides, is a significant public health concern worldwide, because these antibiotics are commonly used in severe or prolonged campylobacteriosis cases or in immunocompromised patients (Blaser and Engberg, 2008) .
Various typing methods have been applied to differentiate Campylobacter strains, and multilocus sequence typing (MLST) has been described as one of the best methods for Campylobacter epidemiological studies (Korczak et al., 2009; Klein-Jöbstl et al., 2016) . Furthermore, globally optimized eBURST (goeBURST) algorithm (Francisco et al., 2009 ) as implemented in PHYLOViZ v2.0 (Nascimento et al., 2017) has made improvements to visualize patterns of evolutionary descent enabling the recognition of genetic relationships between epidemiologically associated isolates (Olkkola et al., 2015b) .
Poultry-related C. jejuni population is usually diverse, represented by many sequence types, but 3645 certain predominant MLST lineages have been identified (Llarena et al., 2015) .
The aim of the study was to determine genotypes of Campylobacter jejuni in Baltic fresh broiler chicken meat and in Estonian human origin samples by using MLST and to investigate whether resistance to selected antimicrobials differs between certain MLST clonal complexes (CC) and sequence types (ST).
MATERIAL AND METHODS

Isolates
This study included 48 C. jejuni isolates of Baltic origin collected within previous studies on Campylobacter spp. in Estonia (Mäesaar et al., 2016) . Sample consisted of C. jejuni strains isolated from Estonian (n = 16), Latvian (n = 8), Lithuanian (n = 13) broiler chicken meat products at retail level, and human isolates (n = 11) from clinical hospital laboratories located in northern Estonia. Campylobacter detection was performed according to the ISO 10272-1:2006 method (ISO, 2006) as described by Mäesaar et al. (2014 Mäesaar et al. ( , 2016 .
DNA was extracted with Wizard R genomic DNA purification kit (Promega Corporation, Fitchburg, Wisconsin, USA). DNA concentrations were measured and purity assessed using NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Conventional multiplex PCR assay was used for the species identification as described by Wang et al. (2002) . Extracted DNA were stored at −20
• C prior to whole-genome sequence (WGS) analysis.
Whole-Genome Sequencing and MLST Analysis
All the isolates were sequenced by the Institute for Molecular Medicine Finland (FIMM Technology Centre, University of Helsinki, Finland) using Illumina sequencing technology. The paired-end reads were assembled into contigs using SPAdes v3.2.1 with default settings and option for the mismatch correction (Bankevich et al., 2012) . Assembled sequences were deposited and allele numbers, and STs and CCs assigned using the Campylobacter pubMLST database (Jolley and Maiden, 2010) . The Czekanowski proportional similarity index (PSI) was calculated to compare distribution frequency of STs from various sources using following equation:
where p i and q i represent the proportion of isolates belonging to ST out of all isolates serotyped from sources p and q. PSI range from 1 for identical ST distribution frequency to 0 for distribution with no common genotypes (Rosef et al., 1985) Analysis of Population Structure MLST allele differences were evaluated with the goe-BURST algorithm (Francisco et al., 2009 ) as implemented in PHYLOViZ v2.0 (Nascimento et al., 2017) to draw full minimum spanning tree (MST) and visualize clonal diversity and evolutional linkages of the STs. A neighbor-joining (NJ) tree of evolutionary history of the STs was inferred from 7 multiple alignment using fast fourier transform (MAFFT) (Katoh et al., 2002) aligned and concatenated MLST allele sequences. Phylogenetic relationship was calculated under the maximum composite likelihood model with 1,000 bootstrap replicates using MEGA v7.0.21 (Kumar et al., 2016) 
Minimum Inhibitory Concentration Determination
The minimum inhibitory concentration (MIC) values for erythromycin, tetracycline, streptomycin, gentamicin, nalidixic acid, and ciprofloxacin were determined with the broth microdilution method (Vet-MIC Camp; National Veterinary Institute, Uppsala, Sweden) as described by Mäesaar et al. (2016) . The MIC was determined as the lowest concentration that completely inhibited visible growth of the campylobacters. Control of the purity and the density of the bacterial suspension was performed in accordance with the instructions provided by the test manufacturer. C. jejuni ATCC 33,560 was used as a control strain. Epidemiological cut-off values for C. jejuni as recommended by EUCAST (2013) were used to evaluate susceptibility. Isolates were considered to be resistant when the MIC values were as follows: erythromycin >4 μg/mL, ciprofloxacin >1 μg/mL, tetracycline >2 μg/mL, streptomycin >2 μg/mL, nalidixic acid >16 μg/mL, and gentamicin >1 μg/mL.
In Silico Analysis of gyrA Gene
Sequences of the quinolone resistance-determining region (QRDR) of gyrA gene were extracted from whole-genome sequence data of the ciprofloxacin resistant isolates using pubMLST database (Jolley and Maiden, 2010) . Point mutation sites associated with fluoroquinolone resistance were analyzed with MEGA v7.0.21 (Kumar et al., 2016) .
Statistical Analyses
Statistical analyses were performed with Statistical Package R v3.3.2 (R Foundation for Statistical Computing, Vienna, Austria). The logistic regression model followed by two-tailed Fisher's exact/pairwise Fisher's exact test with the Holm-Bonferroni correction for multiple comparisons was used to identify associations/differences between antimicrobial resistance and STs, CCs, and goeBURST clusters. Results were considered statistically significant at P < 0.05. Confidence intervals (CI) were calculated applying binomial approach.
RESULTS
MLST Analyses
Genotypes were determined for 48 C. jejuni isolates. Forty-six (95.8%) isolates were assigned to 13 previously described CCs. The most common CC was ST-353 CC (n = 15; 31.3%) followed by ST-45 CC (n = 9; 18.8%) and ST-21 CC (n = 7; 14.6%). CCs were not defined for the two remaining isolates.
ST From the 22 assigned STs, the most prevalent was ST-5 (n = 11; 22.9%), which consisted of Latvian and Lithuanian broiler chicken meat isolates. Followed equally by ST-45 (n = 5; 10.4%) with Estonian and Lithuanian broiler chicken meat isolates and ST-50 (n = 5; 10.4%) with Lithuanian broiler and Estonian human isolates. PSI calculation revealed that STs from Estonian and Latvian broiler chicken meat and human isolates were mutually dissimilar (PSI = 0). Highest similarity was observed between Estonian and Lithuanian broiler isolates (PSI = 0.28), with three shared STs (ST-45; . Latvian and Lithuanian broiler chicken meat isolates shared only one, but commonly detected ST-5 (PSI = 0.23). Human isolates STs frequency distribution was most similar to C. jejuni isolated from Lithuanian broiler meat products (PSI = 0.09). Fluoroquinolone resistance was significantly associated (P < 0.01) with ST-5 in comparison with all other STs combined. Three Estonian broiler isolates were found to belong the novel ST-8188 and were assigned to ST-464 CC. A summary of assigned CCs, STs with isolation source and country of origin is shown in Table 1 .
Population Structure
Three clusters (CC1; CC2; CC3) and 17 singletons emerged from the 22 STs by goeBURST full MST is shown in Figure 1 , CC1 consisted of two CCs (ST-45 CC; ST-283 CC), and five STs (ST-11; ST-45; ST-137; ST-383; ST-583). Although 11 isolates in the cluster originated form two different countries-Estonia and Lithuania, the source of those isolates was exclusively broiler chicken meat. CC2 and CC3 were formed solely LIT (2) B (5) Susceptible (5) 137 (1) LIT (1) B (1) CIP (1); NAL (1) 583 (1) LIT (1) B (1) CIP (1) The evolutionary history of the STs inferred with the NJ method together with attributed sources is shown in Figure 2 . The largest singleton clone in this dataset was ST-8188 with three isolates. There was significantly (P < 0.01) higher fluoroquinolone resistance in CC2 compared to CC1.
Antibiotic Resistance
Resistance to one or more antimicrobials was detected in 30 (62.5% [95%CI: 47.3 to 75.7]) isolates. Nalidixic acid and ciprofloxacin overlapped. In silico analysis of QRDR of gyrA gene confirmed that a mutation Thr-86-Ile was present in all the isolates having MIC values higher than EUCAST cutoff for ciprofloxacin and nalidixic acid. Resistance to tetracycline (n = 10), streptomycin and gentamicin Table 1. (n = 3) was 20.8% [95%CI: 11.0 to 35.4] and 6.3% [95%CI: 1.6 to 18.2], respectively. All tested C. jejuni isolates were sensitive to erythromycin. Distribution of antimicrobial resistance among different genotypes is shown in Table 1. CC ST-45 and CC ST-21 had significantly lower (P < 0.01) resistance to ciprofloxacin than the other tested CCs. In opposite, ST-353 CC was significantly associated with high (P < 0.01) fluoroquinolones resistance.
DISCUSSION
This study is the first to combine MLST and antimicrobial resistance data of C. jejuni from broiler chicken meat samples originating from all three Baltic countries at Estonian retail and includes human isolates obtained from patients with severe Campylobacter enteric infections in Estonia.
The most common CCs in Estonian, Latvian origin broiler chicken meat were ST-45 CC and ST-353 CC, respectively. Lithuanian origin broiler chicken meat was equally contaminated with C. jejuni belonging to ST-21 CC and ST-45 CC (Table 1 ). In Lithuania, Ramonaite et al. (2017) also found high prevalence of ST-21 CC, but ST-45 CC was detected in only few isolates. ST-353 CC was also prevalent in human isolates, followed by other less prevalent CCs (ST-61 CC; ST-257 CC; ST-443 CC; ST-828 CC), which were not found in Baltic broiler meat-related isolates. CCs for two human isolates (ST-2221; ST-2274) remained not defined.
High proportions of fluoroquinolone resistance among Latvian (100.0%) and Lithuanian (84.6%) origin broiler chicken meat C. jejuni isolates, found in this study, is indicating the wide use of fluoroquinolone antibiotics in poultry in these countries. Also, a previous study performed in Latvia found all (100%) poultry Campylobacter isolates to be resistant to ciprofloxacin and nalidixic acid (Kovalenko et al., 2014) . In Finland, the resistance to both ciprofloxacin and nalidixic acid for broiler isolates was as low as 1.3%. Finnish origin human C. jejuni isolates of domestically acquired infections were more sensitive to quinolones if compared to those acquired from abroad (Olkkola et al., 2015a) . In present study, the overall resistance to fluoroquinolones was slightly higher for human (63.6% [95%CI: 31.6 to 87.6]) than broiler meat (62.2% [95%CI: 44.8 to 77.1]) isolates. Nevertheless, separately for Latvian and Lithuanian broiler chicken isolates the resistance to quinolones was 100.0 and 84.6%, respectively. The resistance against fluoroquinolones among Estonian broiler meat origin C. jejuni isolates was 25.0%. Similarly to studies conducted by Cha et al. (2016) and Kovač et al. (2015) all the resistant isolates (n = 30) in this study had the mutation (Thr-86-Ile) in gyrA gene QRDR conferring resistance to fluoroquinolones (Ioivine, 2013) .
Similarly to the study by Bardon et al. (2008) , we found greater levels of resistance to tetracycline in the human isolates (54.6%, 95%CI: 24.6 to 81.9) than among the broiler chicken meat isolates (10.8%, 95%CI: 3.5 to 26.4). The low proportion of resistant isolates found in broiler chicken meat likely reflects the limited use of tetracyclines in poultry production in the Baltic countries. For tetracycline resistance among broiler chicken isolates, our results are similar to Finnish study where 1.7% broiler origin C. jejuni isolates were resistant to tetracycline (Olkkola et al., 2015a) . On the contrary, very high tetracycline resistance (90.5%) was found in Iran (Zendehbad et al., 2015) for retail broiler meat C. jejuni isolates. Also, in Latvia 77.6% Campylobacter isolates from domestic broiler chicken were resistant to tetracycline (Kovalenko et al., 2014) .
MLST and antibiotic resistance findings indicate that some of the human Campylobacter infections in Estonia have non-broiler chicken meat sources. This can be deduced from the results, which revealed, that the most prevalent CC ST-353 CC found in human and broiler chicken meat isolates had different STs for both sources. Nevertheless, STs belonging to mentioned CC shared similar allelic profile and were clustered to CC2 with the goeBURST algorithm on double locus variant level (Figure 1) . Human, Latvian, and Lithuanian origin broiler meat isolates were highly resistant to fluoroquinolones. The latter suggests that imported broiler chicken meat is a potential source of Campylobacter human infections in Estonia. Prior conclusion is supported with results of PSI calculation, which showed similarities in STs distribution frequencies among Lithuanian and Latvian broiler chicken meat (PSI = 0.23) and Lithuanian broiler meat isolates compared to C. jejuni isolates from human source (PSI = 0.09). In addition, recently published study by Ramonaite et al. (2017) showed that the most prevalent CC known to cause human infections and colonize broiler products were ST-353 CC, with 24.3 and 15.2% respectively. The majority of Lithuanian human infections were caused by ST-5 followed by . The last two genotypes were also found among C. jejuni samples isolated from Estonian patients. In addition, we found that the second most prevalent ST among Lithuanian broiler chicken meat products at Estonian retail level was ST-5, which has been also frequently found from retail broiler products in Lithuania (Ramonaite et al., 2017) . ST-353 CC has been shown to have high prevalence of quinolones resistance (Kittl et al., 2010; Kovač et al., 2015; Zhang et al., 2017) and cause human infections (Ioannidou et al., 2013; Ramonaite et al., 2014; Ramonaite et al., 2017) . Conformably, we found that ST-353 CC together with ST-5 were significantly (P < 0.01) associated with fluoroquinolone resistance in the present study.
ST-45 CC have been often associated with broilers, cattle, and human (Llarena et al., 2015; Klein-Jöbstl et al., 2016) . In a Finnish study, certain predominant MLST lineages were identified, ST-45 CC accounting for 53.0% of isolates related with Finnish chicken production, whereas ST-21 CC and ST-677 CC covered 11.0 and 9.0%, respectively (Llarena et al., 2015) . In the present study, ST-45 CC was found in association with Estonian and Lithuanian broiler chicken meat isolates, but not with human C. jejuni isolates. In addition, only two fluoroquinolone resistant Lithuanian broiler meat isolates were observed in ST-45 CC, resulting significantly lower (P < 0.01) antibiotic resistance compared to other STs combined. Surprisingly a small number of ST-45 CC STs were detected in Lithuania from retail broiler products. Among human patients, only one ST-45 was isolated in Lithuanian study (Ramonaite et al., 2017) . In the present study, ST-45 CC together with ST-283 CC formed CC1 cluster (Figure 1) , which included only C. jejuni isolates form broiler chicken meat (Figure 2) .
ST-21 CC was found most often (30.8%) for Lithuanian broiler chicken meat isolates, but compared to Latvian isolates many other CCs were additionally found such as ST-45 CC, ST-48 CC, ST-353 CC, and ST-354 CC. All our findings were in agreement with the previous study conducted in Lithuania by Ramonaite et al. (2017) , where STs belonging to mentioned CCs were often isolated form Lithuanian broiler chicken products and patients. Given the above, it is important to emphasize that single C. jejuni isolated from Estonian patient belonging to ST-50 was evolutionary bound to CC3 goeBURST cluster with other ST-50 isolates from chicken meat products. However, unlike other C. jejuni isolated form broiler meat, the isolate was susceptible to all tested antibiotics, therefore substantially different from Lithuanian broiler meat isolates originating from Estonian retail.
MLST of the C. jejuni isolates indicated the presence of predominant CC for Latvian broiler chicken meat production, because ST-353 CC with ST-5 was the only genotype found in the present study in association with Latvian broiler chicken meat at Estonian retail. The Latvian broiler chicken meat sold at Estonian retail during sampling was originating from one Latvian broiler chicken meat company. Intriguingly, during different months several different lots of Latvian broiler chicken meat were contaminated only with ST-5. This phenomenon needs further investigations on this company farms in situ.
CONCLUSIONS
For the first time, the associations between clonal complexes, sequence types, and antibiotic resistance of C. jejuni isolates originating from Estonian, Latvian, Lithuanian origin fresh broiler chicken meat and from Estonian human patients with severe Campylobacter enteric infections are reported. This study showed that the most prevalent C. jejuni CC was ST-353 CC, found among Latvian and Lithuanian broiler chicken meat, and Estonian human isolates. Another multiple sources related C. jejuni CC was ST-21 CC, associated with isolates from Estonian humans and from Estonian and Lithuanian broiler chicken meat. The resistance to one or more antimicrobials was revealed for 62.5% of the C. jejuni isolates, which indicates the public health concern. It was found that Latvian and Lithuanian origin broiler chicken meat and Estonian human C. jejuni isolates were highly resistant to fluoroquinolones. This suggests that imported broiler chicken meat is a potential source of Campylobacter human infections in Estonia.
The present Estonian surveillance system of human campylobacteriosis and state surveillance for Campylobacter prevalence in poultry does not include molecular characterization of isolated strains. Latter strongly limits the ability of epidemiological analyses and makes proper outbreak detection impossible.
